Abstract
Introduction
In cellular communication systems, the quality of received signal is severely affected by the operating environments. It is desirable to accommodate the signal transmission according to the variation of signal quality. To this end, conventional wireless systems employ a so-called link adaptation technique that often adjusts the transmit power or the transmission rate [1] .
The power adaptation technique adjusts the transmit power to compensate for the attenuation of channel gain [2, 3] . It usually reduces the transmit power when the user is close to the base station (BS) and increases it when the user is far away from the BS. It has been applied to the 2G and 3G code division multiple access (CDMA) systems to compensate for inter-cell interference in the downlink and to reduce the intracell interference (near-far problem) in the uplink. On the other hand, the rate adaptation technique adjusts the modulation parameters (e.g., the modulation level and code rate) according to the quality of the received signal, while keeping the transmit power unchanged [4] [5] [6] . It often transmits the signal using a high order This work was in part supported by Samsung Eletronics, Inc. modulation with high code rates when the user is close to the BS, and vice versa.
Recently, orthogonal frequency division multiple access (OFDMA) systems have attracted much attention as a key transmission technique for next generation (so called 4G) wireless access systems [7] [8] [9] . In the downlink of OFDMA systems, the rate adaptation technique is mainly employed to improve the system capacity [10, 11] . However, when applied to the uplink, it may cause a serious inter-carrier interference (ICI) problem. Each user is only affected by its own ICI in the downlink [12] , but it can be affected by ICI from other users in the uplink. Thus, the user near the BS and/or with high mobility can cause severe ICI effect to other users in the uplink. In the uplink, conventional OFDMA systems consider to simply adjust the transmit power to alleviate severe ICI problem [10, 11] . They adjust the transmit power to limit the ICI only in response to the user channel gain regardless of the user mobility. However, they may not provide optimum performance in view of the system capacity. Users with low mobility near the cell boundary may not need to adjust the power, rather need to adjust the rate to lower the amount of ICI. It was shown that the use of power adaptation may not provide the improvement of system capacity over the use of rate adaptation [1, 13] .
In this paper, we consider a novel hybrid link adaptation scheme that adjusts the transmit power to limit the ICI, in addition to the adaptation of transmission rate to improve the system capacity in the uplink of OFDMA cellular systems. The proposed scheme determines the maximum allowable transmit power in response to the user channel gain and mobility. As a result, it can provide higher system capacity compared to the use of pure power adaptation by applying the rate adaptation to users with low mobility near the cell boundary, while providing all users with a desired loss of the carrier to interference power ratio (CIR).
The rest of this paper organized as follows. Section II describes the ICI model in OFDMA uplink. In Section III, we propose a novel hybrid link adaptation scheme for the adjustment of ICI. The performance of the proposed scheme is verified by computer simulation in Section IV. Finally, conclusions are summarized in Section V.
Inter-carrier interference in the uplink
We consider the uplink of a multi-user OFDMA wireless system, where the whole bandwidth B is partitioned into c N number of subcarriers. In the presence of additive noise ( )
where T denotes the OFDM symbol duration and
The ICI power from the user signal allocated at the i -th subcarreir to other user allocated at the j -th subcarrier can be represented as
where ( ) X P i is the transmit power of the user allocated at the i -th subcarrier (i. e., ( ) ( )
). It can be seen that the ICI power is a function of the user channel gain, mobility and transmit power.
Proposed link adaptation scheme
Unlike in the downlink, it may not be feasible to employ a rate adaptation scheme without power adjustment in the uplink due to serious ICI problem. As illustrated in Figure 2 , the user near the cell boundary may experience high CIR loss due to the ICI from fast users near the cell center. Consequently, the quality of the signal transmitted near the cell boundary may not be guaranteed in the uplink environments. To alleviate this problem, conventional OFDMA systems consider the use of power adaptation to compensate for large signal attenuation in the uplink [10, 11] . However, the use of power adaptation may not provide capacity improvement over the use of rate adaptation [1, 13] . Thus, it may not be desirable to apply a power adaptation scheme to users with low mobility in view of the system capacity.
To mitigate the ICI problem, we consider to limit the maximum allowable transmit power in an analytic manner. Since the ICI power depends on the user channel gain, mobility and transmit power, its Since the total amount of ICI power on the user allocated to the j -th subcarrier is
the CIR loss due to the ICI of the user allocated to the j -th subcarrier can be represented as We assume that the CIR loss should be less than a desired value max γ ∆ [14] ( )
Letting ( )
as the worst case to the user allocated to the j -th subcarrier, it can be shown that, unless c N is too small
Then, the user allocated to the j -th subcarrier experiences a maximum CIR loss given by 
Assuming that the noise power of each subcarrier is the same (i.e., ( ) 
. (13) Using a Taylor series expansion in the presence of a small frequency offset (i.e., 
It implies that each user has its own maximum allowable transmit power, inversely proportional to its own channel gain and mobility. Thus, the users near the BS and/or the users in high mobility generally should reduce the transmit power (i.e., power adaptation) to keep the desired CIR loss, while the users with low mobility near the cell boundary do not need to reduce the transmit power, rather need to adjust the transmit rate for capacity improvement (i.e., rate adaptation).
Performance evaluation
The performance of the proposed scheme is verified by computer simulation. The system parameters and environments for the simulation are summarized in Table 1 and 2 [15] . Figure 3 depicts the maximum CIR in the presence of user mobility. Note that the maximum CIR without the user mobility is mainly limited by the frequency instability of oscillators. It can be seen that the users in low mobility environment have a loose restriction on the maximum CIR. For example, the user with 3 km/h velocity has a maximum CIR of 13.73 dB, while the user with 250 km/h velocity has a maximum CIR of 3.56 dB when max γ ∆ = 0.05 dB. And it can also be seen that the restriction on the maximum CIR is proportional to max γ ∆ which is pre-determined by the system requirement. Figure 4 depicts the adjusted CIR due to the distance d and Figure 5 depicts the corresponding power adjustment when the path loss exponent α is 4.5 and max γ ∆ = 0.05 dB. It can be seen that the user near the cell center needs to reduce the transmit power as shown in Figure 5 to keep the CIR below the desired maximum CIR, while the user near the cell boundary does not need to adjust the transmit power, rather needs to adjust the transmit rate. For example, the user with 3 km/h velocity within 0.55 km radius needs to reduce the transmit power. However, the user outside 0.55 km radius does not need to adjust the transmit power, rather it needs to adjust the transmit rate. It can also be seen that the users in the higher mobility environment should transmit the signal with reduced transmit power at the same distance from the BS due to the ICI. For example, the user with 3 km/h velocity does not need to reduce the transmit power (only need to adjust the rate), while the user with 250 km/h velocity should reduce the transmit power by 8.6 dB when is apart by 0.6 km distance from the BS. Thus the users in low mobility environment have a large rate adaptation region and can achieve a higher capacity. Figure 6 depicts the system capacity of the proposed scheme for various path loss exponents, allowable CIR loss limit and user mobility in Table 2 . We consider two operating conditions, type 1 and 2 model, representing a low and high mobility environment, respectively. The type 1 model comprises users with 70% pedestrians of 3 km/h velocity, 20% cars of 60 km/h velocity and 10% high speed railway of 250 km/h velocity, while the type 2 model comprises users with 40% pedestrians, 40% cars and 20% high speed railways. As an upper bound of the performance, we also depict the performance of ideal rate adaptation without ICI, referred to "Ideal rate adaptation", although it is not practical at all. We also depict the performance of pure power adaptation scheme. It can be seen that the proposed scheme outperforms the pure power adaptation scheme by more than 0.5 bps/Hz and shows superiority in low mobility environments. And the proposed scheme can increase the system capacity by loosing the CIR loss condition (i.e., increasing max γ ∆ ).
Conclusion
In this paper, we have considered the ICI problem in the uplink of OFDMA-based cellular systems. To alleviate the ICI problem, we have proposed hybrid use of power and rate adaptation. The proposed scheme adapts the transmit power to limit the ICI to a desired level and adjusts the transmit rate to achieve high capacity. Thus, it can improve the system capacity compared to the use of pure power adaptation, while guaranteeing a desired maximum CIR loss. Finally, the performance of the proposed scheme has been verified by computer simulation in various OFDMA uplink environments. The simulation results show that the proposed scheme outperforms conventional pure power adaptation schemes. 
